Abstract. The surface of alumina discs (γ phase) was modified by the reaction between the Al-OH groups on the surface of alumina and oxalic acid, resulting in carboxylatoaluminoxanes. The alumina discs with modified surface were soaked in SBF for 6 hours, promoting an intense precipitation of calcium phosphate. The formation of evenly distributed calcium phosphate crystals controlled by the alumina surface, achieved in this work, has the potential to significantly modify the bioinert behavior presented by this material.
Introduction
Alumina is a type of bioceramics that has excellent mechanical properties. Therefore, it has been used both as a pure phase and also associated with other materials such as polymethyl metacrylate in hip joint prostheses, dental implants, for instance [1] [2] [3] . However, the usage of alumina as bioceramics is restricted, due to its bioinert behavior.
It is the bioinert behavior of alumina that prevents the implants built with this ceramics from forming a bone/ceramics interface, which is observed in calcium phosphate ceramics (Hydroxyapatite , TCP based ceramics etc). The alumina/bone interface is formed by fibrous tissue (10µm in diameter) what might result in reduced adhesion of the implant. [4] Hydroxyapatite-alumina and zircon-alumina composites, for instance, have been used in order to avoid the formation of a fibrous interface [5] . The biocompatibility of these composites could be evaluated through either implantation in animals or in vitro tests, where the composites are soaked in SBF for the precipitation of hydroxyapatite, according to the procedures well established in the literature.
In this work, the surface of alumina discs was modified by the formation reaction of carboxylatoaluminoxanes [6] . Moreover, the precipitation of calcium phosphate on the modified surface, caused by immmersion in SBF, was compared with the precipitation on the non-modified surface of alumina.
Carboxylatoaluminoxanes are formed by the reaction of Al-OH groups present on the surface of particles of aluminum oxyhydroxide or alumina with carboxylic acids (Reaction 1).
Reaction 1: Formation of carboxylatoaluminoxanes
The product of this reaction presents a nucleus whose composition is similar to that of alumina. Carboxylate groups, from the carboxylic acid used in the reaction, are linked to this nucleus on the surface of alumina.
The possibility of modifying the surface of alumina bodies by the formation of aluminoxanes allows the creation of functional groups linked to the surface of the material.
Materials and Methods
Alumina discs 1 cm in diameter and around 2mm in thickness were obtained from alumina powder pressed at 8000 psi. The alumina powder was obtained from transparent gels of this material, synthesized by hydrolysis of a solution of aluminum nitrate and urea at 80 0 C, according to the procedure reported by Bertran C.A. [7] . The alumina synthesized by this process is chiefly formed by γ phase alumina and the surface of its powder particles presents Al-OH groups. It was pressed into discs that presented a smooth surface. During the procedure for surface modification, no alteration of dimension was observed in the discs.
The pellets were heat-treated with oxalic acid dissolved in ethanol. In order to evaluate the effect of surface modification, alumina discs were also treated with pure ethanol under the same conditions. The pellets were then dried and soaked in SBF in order to promote calcium phosphate precipitation.
Following precipitation the discs were gold-metallized and their surface was analized by Scanning Electron Microscopy (SEM). The composition of precipitated phosphates was determined by Energy dispersive spectroscopy (EDS). Figure 1 shows the surface of an alumina disc after modification by treatment with oxalic acid and immersion in SBF at room temperature for 6 hours, and also the surface of an alumina disc after treatment with ethanol and immersion in SBF at room temperature for 12 hours. The micrograph of the disc with modified surface (1a) shows that there was an intense precipitation of calcium phosphate evenly distributed on the surface of the disc. In the micrograph of the disc with non-modified surface, however, in spite of the longer immersion time in SBF, no calcium phosphate was formed. Fig. 2 shows a micrograph of the modified surface of the alumina disc in Fig. 1(a) , obtained at higher magnification. Phosphate crystals are shown to be linked to the alumina surface and growing towards the SBF solution from which they precipitated.
Results
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Figure 2: Surface of alumina disc after modification by treatment with oxalic acid and immersion in SBF at room temperature for 6 hours (magnification 5000x) Figure 3 shows the result of the analysis, by EDS, of the composition of crystals present on the surface of an alumina disc with modified surface. It is possible to see the peaks of Ca and P associated with calcium phosphates and the intense peak of Al associated with alumina. It was not possible to determine the Ca/P ratio due to the interference between the peak corresponding to emissions of the gold used in metallization and the peak corresponding to the emissions of the P present in calcium phosphates. Figure 3 : EDS of the surface of alumina discs after modification by treatment with oxalic acid and immersion in SBF at room temperature for 6 hours.
Discussion
The results show that a modification in the alumina surface by the formation of carboxylatoaluminoxanes produces an intense precipitation of calcium phosphate crystals on the surface of the material.
The oxalic acid reaction with the alumina surface initially links one of the carbonyls to the Al-OH surface, producing aluminoxane, and simultaneously exposes the other carbonyl on the surface of the material. When an alumina disc with available carbonyls on its surface is immersed in SBF, these carbonyls are bonded to the Ca +2 ions from the solution, thus producing a precipitation nucleus on the surface of the disc.
It is possible to see in Fig. 1 that the alumina surface is evenly modified by oxalic acid, what results in a homogenous precipitation of calcium phosphate on the disc surface. The similar crystal size also indicates that immersion of the disc in SBF causes simultaneous precipitation in all the precipitation sites created by complexation of carbonyl with Ca +2 ions. Besides the homogenous precipitation, the surface modification also created crystals linked to the surface of the alumina disc, as seen in Fig. 2 , where the crystals emerge from the surface of the alumina disc, growing towards the SBF solution. This feature of the crystals indicates that the carboxylatoaluminoxane groups formed on the surface of the alumina disc are responsible for the nucleation process and for the growth of calcium phosphate crystals, contrary to the hypothesis that the calcium phosphate crystals originated spontaneously on the surface.
Conclusion
The results presented in this work have shown that the method proposed for modification of alumina surfaces creates carboxylatoaluminoxane groups that eventually induce the precipitation of calcium phosphate on alumina surfaces. Moreover, the surface modification eventually creates a homogenous distribution of crystals of uniform size, which are linked to the alumina surface.
The formation of evenly distributed calcium phosphate crystals controlled by the alumina surface, achieved in this work, has the potential to significantly modify the bioinert behavior presented by this material.
